A site-specific DNA inversion reaction controls flagellar gene expression in Salmonella by switching the orientation of its promoter (1, 2) . This reaction has been studied in an in vitro system derived from Escherichia coli (3) (4) (5) . In addition to the product of the hin gene, which is encoded within the invertible segment, two other host proteins have been shown to be required for high rates of inversion. One of these proteins is the nonspecific double-stranded DNA binding protein HU found in many prokaryotes, and the other is a protein referred to as factor II or Fis (factor for inversion stimulation). Gin-mediated inversion of the G segment from bacteriophage Mu also requires the function of the Fis protein (6) .
Fis migrates on NaDodSO4 polyacrylamide gels with a Mr of -12,000 (4, 6) . It binds to two sites within the 60-base-pair (bp) Hin recombinational enhancer sequence (7) . The enhancer sequence can function at many different locations and in either orientation to stimulate strand exchange at the recombination sites (3) . Plasmid substrates containing mutant enhancers that have lost the ability to bind Fis at either of the two binding sites recombine at rates less than 0.5% of the wild-type substrate. Thus, Fis is intimately involved in enhancer-mediated stimulation of the DNA inversion reaction. The relative position of the two Fis binding sites on the DNA helix is critical for enhancer activity, suggesting that Fis may participate in the formation or stabilization of the synaptic complex by interacting with Hin molecules bound to the DNA at the recombination sites (8) .
In addition to its role in site-specific inversion, Fis has been shown to bind to DNA within the bacteriophage A attachment site, attP, and to stimulate excision in vitro of bacteriophage A under conditions of limiting excisionase (9) . Furthermore, Fis activity, as measured by sequence-specific binding assays (9) and stimulation of Hin-mediated inversion in vitro (R.C.J., unpublished results), decreases markedly as cells enter stationary phase. This growth regulation is opposite to that observed with integration host factor, a heterodimeric protein required for A-integrase (Int)-mediated sitespecific recombination (10) . In order to investigate the role and regulation of Fis in E. coli and to facilitate genetic and biochemical studies on the mechanism of Fis-enhanced stimulation of site-specific DNA inversion, we have cloned the gene encoding the Fis protein. We present the primary sequence of fls § and preliminary analysis of mutant E. coli strains that are deficient in Fis expression.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. Plasmids containing fis are depicted in Fig. 1 . pRJ741 is the original plasmid isolated after screening an E. coli library. TnlOmini-kan was transposed from ANK1105 onto pRJ741 as described (16 (18) substituted between nucleotides + 68 and + 215 in the fis coding region.
pMS658 has an 1100-bp EcoRV fragment containing the kin + inversion region from pJZ143 (19) cloned between the Pvu II sites of pACYC184 (20) . pMS21 has an EcoRI fragment from Afla378 (2) containing the H inversion region and the H2 flagellin gene cloned into the EcoRI site of pBR322 (from M. Silverman, Agouron Institute, La Jolla, CA). It is hin-and H2off. pRJ792 is pUC18 containing the hin gene from pMS621 (3) between the EcoRl and the HindIII sites such that the hin gene is transcribed from the lac promoter.
The zhc-794::TnlOmini-kan mutation was recombined into the E. coli chromosome by transforming pRJ794 into RZ221 (polA) and selecting a kanamycin-resistant (Kan'), ampicillin-resistant (Amp') transformant (RJ1562 read from both strands to beyond nucleotide + 380.
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In Vivo Hin Inversion Assays. Assays using Afla4O6 were performed essentially as described (24) . Briefly, RJ2451 This paper (lacP-hin, fis +) and RJ2452 (lacP-hin, fis-767) were grown in LB medium containing 0.1% maltose and 1 mM isopropyl-,3-D-thiogalactoside (IPTG) to a density of 2 x 108 cells per ml and adsorbed with Afla4O6off (previously grown from a single plaque on RJ1561) at a multiplicity of infection of =0.5. After 20 min the infected cells were washed twice and grown for an additional 100 min in the same medium. The resulting phage were plated on RJ1561 in the presence of ubstitution was 5-bromo4-chloro-3-indolyl fB-D-galactoside (X-gal) to distinfollows: APlacguish between phage in the "on" (blue plaques) and "off" tamning pRJ767.
(white plaques) orientation. Inversions in a plasmid substrate were obtained after RJ1548) was secotransforming pMS658 and pMS21 into RJ1555. The transformants were stabbed into motility agar [0.5% tryptone (Difco)/0.5% NaCI/0.35% Bactoagar (Difco)], and motile bacteria from "flares" were picked for further analysis.
In Vitro Hin Inversion Assays. Extracts were prepared ---from 100 ml of cells grown in LB medium and harvested at an OD6. = 0.5 essentially as described previously for Fis (4) . The extracts were incubated at 80'C for 10 min, and the remaining soluble protein was dialyzed into 20 mM Tris-HCl, and plasmids used pH 7. 
RESULTS
Cloning of thefts Gene. The sequence of the first 29 amino acids (with two unidentified residues) of Fis is shown in Fig.  2 . Two sets of 17-base mixed oligonucleotide probes were synthesized corresponding to amino acids 2-7 (probes 1 and 2) and 15-20 (probes 3 and 4) (Fig. 2) . These oligonucleotides were labeled with 32P and used to probe Southern blots of restriction endonuclease-digested E. coli DNA. Probes 1 and 3 were found to hybridize to a 1.8-kb EcoRV fragment, whereas probes 2 and 4 failed to specifically hybridize (data not shown). Since probe 1 gave a significantly stronger hybridization signal than probe 3, we used this probe to hybridize to duplicate filters containing =5000 transformants of an E. coli Sau3A library in pUC9. Crude preparations of plasmid DNA from seven clones that gave significant hybridization using probe 1 were rescreened with probes 1 and 3. pRJ741, which contains a 5.1-kb insert with an internal 1.8-kb EcoRV restriction fragment (Fig. 1) , was found to hybridize strongly with both probes, suggesting that it contains the coding region for Fis.
In order to confirm that pRJ741 contains the gene encoding Fis, the plasmid was used as a dideoxy sequencing template after alkaline denaturation. Probe 1 was used to prime synthesis by reverse transcriptase at 420C. An unambiguous sequence was read beginning at position + 27 (see Fig. 3 ) and extending over 100 bases. Translation of this DNA sequence matches the Fis protein sequence from amino acid 10 to 29 ( Fig. 2) and thus demonstrates that the clone contains thefts gene. Genetic studies described below further confirm this assignment.
DNA Sequence of the fis Gene. The sequence of the fis coding region and surrounding DNA is presented in Fig. 3 (27) with markers in the region (e.g., Fig. 4B ) established the order of genes as that depicted in Fig. 4A . Effect of a fs Null Mutation on E. coli Growth and Hin Inversion. DNA encoding amino acids 22-73 in fis was substituted with the neo gene from transposon TnS (pRJ767; Fig.   1 ). The mutatedfis gene (fls-767) was recombined onto F'141 and transferred to RJ1519 to give RJ1548 (see Materials and Methods). A Plvir lysate was prepared on RJ1548 and used to transduce fis-767 into RJ1542 (containing F'141 and thus diploid for thefts locus) and RJ1541 (haploid for thefts locus). Equivalent numbers of Kanr transductants were obtained (4.4 x 10-6 and 3.8 x 10-6 per plaque-forming unit, respectively), demonstrating thatfis is not essential for cell growth.
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Hybridization experiments with DNA prepared from RJ1561 (fls::767) demonstrated that the wild-type fis gene was replaced by the fis::767 substitution (data not shown).
In order to confirm that thefts gene was inactivated by the fis-767 mutation, extracts were prepared from RZ211 (fis+) and RJ1561 (fis-767) and used to complement in vitro Hininversion assays in the absence of purified Fis. No detectable Fis activity was observed in the RJ1561 extract, even when 40 times the amount of protein that gave 30o inversion products with the RZ211 extract was added ( Table 2) .
A A derivative (Afla4O6) in which lacZ expression is controlled by the hin inversion region was grown on RJ2451
(lacP-hin, fis+) and RJ2452 (lacP-hin, fls-767) under conditions of Hin overproduction. After 2 hr of growth on RJ2451, 27% of the phage were switched to the on orientation (Lac+), whereas only 0.01% of the phage produced in RJ2452 contained inversions (Table 2) . Thus in this assay, Hin inversion in vivo is decreased by =4000-fold in the absence of Fis. to transduce RJ1580 (recipient). Three hundred seven Kanr (zhc-794::TnlOmini-kan; 1.5 kb 3' offis) transductants were screened for spectinomycin resistance (rpsE), aroE, and tetracycline resistance (zhc-9::TnJO). The location of zhc-9::TnJO, which is 95% cotransducible with fabE was reported by Valleri and Rock (12) . The crossover events required to generate the recombinants are denoted. Inversions generated in a plasmid substrate (pMS21) in the absence of Fis (RJ1555) were also analyzed. The restriction patterns were identical to the inversions generated in the presence of Fis (data not shown), suggesting that Fis enhances the rate of inversion and not the specificity of site selection.
DISCUSSION
Fis is a small basic protein (98 amino acids, pI = 9.4), which is required for high rates of Hin-mediated DNA inversion in vitro (4) and in vivo (this paper). It functions to stimulate DNA strand exchange when bound to a DNA segment that can be located at numerous positions relative to the recombination sites. Thus, Fis must contain at least two activities: it must recognize and bind to specific sites on DNA and it must somehow stimulate recombination.
Analysis of the Fis sequence suggests a mode of DNA binding. There are no cysteines or histidines in the sequence, making the presence of a "zinc finger" motif unlikely, and there is no homology to the type II DNA binding proteins such as HU or integration host factor. However, located at the carboxyl terminus (amino acids 74-93) of Fis is a region that bears similarity to the helix-turn-helix DNA binding motifs, which have been characterized for repressors and other DNA binding proteins (for a review, see ref. 30 ). The carboxyl-proximal helix is highly amphipathic, and the entire 20-amino-acid bihelical region displays 25-45% identity to other known (e.g., Cro and cAMP receptor protein) and presumed [Hin, InsA, NtrC (NR1), and TnpR] helix-turnhelix DNA binding motifs (Fig. 5) .
The homology with NtrC (NR1) is particularly striking as there is a 45% identity between the carboxyl-terminal 29 amino acids, which includes the proposed DNA binding region for both proteins (Fig. 5) . NtrC (NR1) is another example of a bacterial regulatory protein that functions in a position-independent manner (35 (33, 34) . Alignment of these two proteins indicates a 31% match over the carboxyl-terminal 39 amino acids, with two gaps of one amino acid in the InsA sequence (Fig. 5) If Fis is interacting with DNA via a helix-turn-helix motif, it is likely to display some differences from those characterized to date, as Fis seems to recognize sites on DNA that differ greatly in sequence. The sequences at the two Fis binding sites of the Hin enhancer display little resemblance to the site overlapping the Xis binding site in AattP, where Fis also binds (9) . Other Fis binding sites show little similarity to either of these sites (M. Bruist and M.I.S., unpublished results and ref. 9) . A feature in common between the enhancer and Aatt sites is that they both appear to contain "bent" DNA (8, 9) , suggesting that Fis may be recognizing some structural feature in addition to the nucleotide sequence of its DNA binding site.
Like integration host factor (IHF), Fis is not essential for the growth of E. coli under normal laboratory conditions in minimal or rich media. Indeed, strains containing substitution mutations in bothfis and hip (himD, one of the subunits of IHF) are still viable. The ability to propagate strains lacking Fis will allow the investigation of the role of Fis in other reactions such as transposition or adaptation to different growth conditions. Strains lacking Fis generate Hinmediated inversions at an extremely low rate, even in the presence of high levels of Hiin, consistent with that observed in vitro. The cloned gene along with host cells lackingfis will allow the isolation and characterization mutations infis with respect to their effect on the inversion reaction.
